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METHOD AND DEVICE FOR DEVELOPING In at least one embodiment of the present disclosure , said 
SHALE GAS BY TAPERED GRADIENT performing numerical simulation with different combina 
PRESSURE DROP WITH MULTI - STAGE tions of production pressure differences in fracturing fluid 
FRACTURED HORIZONTAL WELL reverse discharge stage , high production stage and stable 

production stage of the multi - stage fractured horizontal well 
FIELD OF THE INVENTION comprises : performing numerical simulation with multiple 

combinations of production pressure differences having 
The present disclosure relates to the technical field of gradually decreasing bottom hole flow pressure in the frac 

shale gas exploitation , in particular to a method and device turing fluid reverse discharge stage , the high production 
for developing shale gas by tapered gradient pressure drop stage and the stable production stage of the multi - stage 
with multi - stage fractured horizontal well . fractured horizontal well . 

In at least one embodiment of the present disclosure , the BACKGROUND OF THE INVENTION pressure difference - flow models of gas - phase and water 
phase of the strongly transformed area are as follows : Fracturing is an important technology to realize the effec- 15 the model of gas - phase is : tive development of shale gas reservoirs . The combination 

of horizontal well and fracturing technology can greatly 
increase the contact area between complex crack network TK fn Krg? hZscTsc pin – prip and matrix , and achieve the effect of increasing production – po 

PscT fin of shale gas reservoir . In the process of shale gas develop- 20 
ment , the control for the production pressure difference of 
multi - stage fractured horizontal well is very important for R1 -In 
the later productivity . K fn Krgi hZsc Tsc 

WA cos ? yi 
SUMMARY OF THE INVENTION ? . -? " . + E1 W , WAT Km 12X ( W ; + X ) i = 1 W ; + X 

In one aspect , a method for developing shale gas by r fn = Vambong 
tapered gradient pressure drop with multi - stage fractured Sw + Sg = 1 ; horizontal well is provided . At least one multi - stage frac 
tured horizontal well is provided in the shale gas reservoir . 30 
For any one multi - stage fractured horizontal well of the at and the model of water phase is : 
least one multi - stage fractured horizontal well , the method 
for developing shale gas by tapered gradient pressure drop 
with multi - stage fractured horizontal well comprises : Mwxf 4.405 x 10-5 Pwxf acquiring fracturing crack form parameters of the multi- 35 Pfn - Pwf = K fon Knowl 
stage fractured horizontal well and reservoir characteristic 
parameters of nearby formation ; 

dividing the formation near the shale gas multi - stage wherein , 
fractured horizontal well into strongly transformed area , Isel is a flow rate of the gas well of the strongly trans 
weakly transformed area and matrix area according to the 40 formed area under standard condition , mº / s ; 
fracturing crack form parameters and the reservoir charac- Pfin is the pressure at the interface of the strongly trans 
teristic parameters ; formed area and the weakly transformed area , MPa ; 

establishing pressure difference - flow models of gas - phase Pwf is bottom hole flow pressure , MPa ; 
and water phase of the strongly transformed area , pressure Kjn is the permeability of the crack network of the 
difference - flow models of gas - phase and water phase of the 45 strongly transformed area , mD ; 
weakly transformed area , and pressure difference - flow mod- Kigi is the relative permeability of gas - phase of the 
els of gas - phase and water phase of the matrix area respec- strongly transformed area , mD ; 
tively ; Ky is matrix permeability , mD ; 

coupling the pressure difference - flow models of gas- h is the thickness of the gas layer , m ; 
phase and water phase of the strongly transformed area , the 50 Zse is the gas compression factor under standard condition , 
pressure difference - flow models of gas - phase and water dimensionless ; 
phase of the weakly transformed area , and the pressure Z is the gas compression factor under average pressure 
difference - flow models of gas - phase and water phase of the condition , dimensionless ; 
matrix area , to establish a production equation of the multi- Tse is the temperature under standard condition , K ; 
stage fractured horizontal well ; T is the temperature under the formation condition , K ; 

according to the production equation of the multi - stage R1 is the equivalent seepage resistance of the strongly 
fractured horizontal well , performing numerical simulation transformed area , MPa.s / mº ; 
with different combinations of production pressure differ- Pse is the pressure constant under standard condition , 
ences in fracturing fluid reverse discharge stage , high pro- namely , 0.1 MPa ; 
duction stage and stable production stage of the multi - stage 60 u is the gas viscosity under average pressure condition , 
fractured horizontal well ; and mPa.s ; 

drawing gas production curves under different combina rw is the radius of the gas well , m ; 
tions of production pressure differences , and selecting a rm is the equivalent supply radius , m ; 
combination of production pressure differences with the afn is the major axis of the fracturing ellipse of the strongly 
greatest economic benefit as the combination of production 65 transformed area , m ; 
pressure differences of the multi - stage fractured horizontal bfn is the minor axis of the fracturing ellipse of the 
well . strongly transformed area , m ; 

wl 2whlwt ( K in Krul ) 1.105 4w2 h2 Ow ; 

55 
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X is the average distance between each series of cracks , 
m ; qwllw 

Pmf - P fn = + Gw ( Smf - $ fn ) ; W is the crack opening , m ; 8xfhKmf Kyw2 ( arctan ( Smf ) - arctan ( $ fn ) ) 
y is the angle formed by the pressure gradient direction 

and respective crack direction ; wherein , 
Sw is the water phase saturation , dimensionless ; 2sc2 is a flow rate of the gas well of the weakly trans 
S , is the gas - phase saturation , dimensionless ; formed area under standard condition , m3 / s ; 
Uw is the viscosity of water , mPa.s ; Pfn is the pressure at the interface of the strongly trans 
X , is the main crack length , m ; formed area and the weakly transformed area , MPa ; 

is the pressure at the interface of the weakly trans Kywl is the relative permeability of water of the strongly formed area and the matrix area , MPa ; transformed area , dimensionless ; Km is the permeability of the matrix area , m² ; 
w is the crack width , m ; Imf is the equivalent supply radius of the weakly trans 
Pwi is the density of water , kg / m ° ; and 15 formed area , m ; 
qw is the water flow of the strongly transformed area under r is the effective utilization radius , m ; 

standard condition , m3 / s ; K , g2 is the relative permeability of gas - phase of the 
wherein , the standard condition is the condition that the weakly transformed area , dimensionless ; 

R21 is the additional resistance to consider spatial hetero pressure is 0.1 MPa ; and 20 geneity in the weakly transformed area , MPa s / mº ; a certain physical quantity under the average pressure R22 is the inherent resistance of the weakly transformed condition is the average value of the physical quantity under area , MPa : s / m ?; different pressures within the range of bottom hole pressure amfis the major axis of the fracturing ellipse of the weakly 
variation . transformed area , m ; 

In at least one embodiment of the present disclosure , the 25 bmp is the minor axis of the fracturing ellipse of the weakly 
pressure difference - flow models of gas - phase and water transformed area , m ; 
phase of the weakly transformed area are as follows : Gw is the starting pressure gradient , namely , the pressure 

according to the spatial heterogeneity of the fractured gradient at which shale gas starts to flow , MPa / m ; 
weakly transformed area , the permeability of the fractured Kw2 is the relative permeability of water of the weakly 
weakly transformed area is corrected : 30 transformed area , dimensionless ; 

Emf is the value corresponding to Imf in elliptical coordi 
nate system , m ; and 

Kfm — ?? K fin – Km Efn is the value corresponding to rmin elliptical coordinate -r + K fin 
I fn - I'mf I'fn - I'mf system , m . 

In at least one embodiment of the present disclosure , the 
pressure difference - flow models of gas - phase and water 

the model of gas - phase is : phase of the matrix area are as follows : 
the model of gas - phase is : 

Kmf = r fin 
35 

( K - Km ) Kvg2 nZcIsopor – p ? n ) 40 2? 
imf 

Esc2 + 2 
re 

de = amf 2umf + 
+ ** VI - mf amf 4r f + afin 

afn Psc Tuz 1 - 1 
Isc3 = 

45 

2x K Krg2hZcToc ( pr 41 KmKrg3hZsc Tsc 
( 20² + ?Art + aq x Pepping Brand 3???D ( pe - Pmf ) PAP ) . 16Km Krg3 

2r2 + v Artetan mf mf Psc Tužin Psc T?žin 
fin 

50 

Psc Tužin 
22² + ?44 + at 

az Psc Tuz 
120 mp + Vartan 

an R3 = 4nKmK rg3 hZsTsc 
R21 = ( K fin - Km ) Krg2 hZsc Tsc 55 Sw + Sq = 1 ; 

I'm 

and the model of water phase is : v Psc Tuž in 
2rm + ( 4rint tan 

afn 
24K fn Krg2hZsc Isc R22 60 

+ Gwire – I'mf ) ; Gwllw 
Pe - Pmf = 

2nhKm Krwin 
I'mf I'mf = Amf bmf , 

Sw + Sg = 1 ; 
65 wherein , 

Isc3 is flow rate of the gas well of the matrix area under 
standard condition , mº / s ; and the model of water phase is : 
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Pc is the pressure outside the matrix area , Mpa ; Vm is Langmuir isothermal adsorption constant , cm / g ; 
a , is the major axis of the matrix ellipse seepage area , m ; Om is matrix porosity ; 
K , is the relative permeability of gas - phase of the matrix Pz is Langmuir pressure constant , MPa ; and 

area , dimensionless ; p is average pressure of the formation , MPa . 
re is the exploiting radius of the gas well , m ; In at least one embodiment of the present disclosure , the 
D is the diffusion coefficient , cm² / s ; fracturing crack form parameters comprise : main crack 
a represents the correction coefficient related to the length , crack opening , crack width , and the average distance 

Knudsen number Kn and a = 0 ( 05K , < 0.001 ) , a = 1.2 between each series of cracks . 
( 0.0013K , < 0.1 ) , a = 1.34 ( 0.15K , < 10 ) ; and In at least one embodiment of the present disclosure , the 
K , w3 is the relative permeability of water of the matrix 10 reservoir characteristic parameters comprise : temperature 

area , dimensionless . under formation condition , gas layer thickness , rock skel 
In at least one embodiment of the present disclosure , said eton density , matrix porosity , matrix permeability , average 

coupling the pressure difference - flow models of gas - phase formation pressure , and the pressure outside the matrix area . 
and water phase of the strongly transformed area , the In another aspect , a device for developing shale gas by 
pressure difference - flow models of gas - phase and water 15 tapered gradient pressure drop with multi - stage fractured 
phase of the weakly transformed area and the pressure horizontal well is provided . The device comprises a proces 
difference - flow models of gas - phase and water phase of the sor and a memory . The memory stores computer program 
matrix area , so as to establish a production equation of the instructions suitable for being executed by the processor , 
multi - stage fractured horizontal well comprises : coupling and the computer program instructions are executed by the 
the pressure difference - flow models of gas - phase and water processor to execute one or more steps in the method for 
phase of the strongly transformed area , the pressure differ- developing shale gas by tapered gradient pressure drop with 
ence - flow models of gas - phase and water phase of the multi - stage fractured horizontal well described in any of the 
weakly transformed area and the pressure difference - flow above embodiments . 
models of gas - phase and water phase of the matrix area by BRIEF DESCRIPTION OF THE DRAWINGS equal seepage resistance method , and establishing the pro 
duction equation of the multi - stage fractured horizontal well 
based on the diffusion and desorption of the shale gas The drawings show exemplary embodiments of the pres 
reservoir . ent disclosure and , together with the descriptions thereof , are 

In at least one embodiment of the present disclosure , the used to explain the principles of the present disclosure , 
production equation of the multi - stage fractured horizontal 30 which are included to provide a further understanding of the 
well is as follows : present disclosure , and are included in and form a part of this 

the model of gas - phase is specification . 
FIG . 1 is a flow diagram of a method for developing shale 

gas by tapered gradient pressure drop with multi - stage 
pe pie 2A ( pe - Pmf ) 35 fractured horizontal well according to some embodiments ; 

FIG . 2 is a schematic diagram of the strongly transformed R1 + R2 + 2R3 R1 + R2 + 2R3 R1 + R2 + 2R3 area , weakly transformed area , and matrix area of a method 
-A ( R1 + R2 ) + V A2 ( R1 + R2 ) 2 + B ( R1 + R2 + 2R3 ) for developing shale gas by tapered gradient pressure drop 

Pmf = R1 + R2 + 2 R3 with multi - stage fractured horizontal well according to some 
40 embodiments ; R21 R22 R2 FIG . 3 is a schematic diagram of the semi - major axis and R21 + R22 the semi - minor axis of seepage area of a method for devel 

3???D oping shale gas by tapered gradient pressure drop with 
16Km multi - stage fractured horizontal well according to some 

B = ( R1 + R2 ) p? + 2A ( R1 + R2 ) pe + 2R3 pp + 2R39d ( R1 + R2 ) , 45 embodiments ; and 
FIG . 4 shows the production comparison between the Qd = ( ? - ruhom ( v Vm method for developing shale gas by tapered gradient pres 

sure drop with multi - stage fractured horizontal well and 
conventional pressure depletion development method 

and the model of water phase is 50 according to some embodiments . 

25 

2R39d Osc + + 

A = 

Pe 7 
— 

PL + pe putp ) -2012 - 

DETAILED DESCRIPTION OF THE 
INVENTION Hwxf 

Pe - Pwf = qw + Kfn Krwi 2wh 
55 4.405 x 10-5 Pwxf 9wflw 9 . ( K fin Kryl ) 1.105 4w2 n2 ? w 8x phKmf Km2 ( arctan ( 5mp ) – arctan ( $ fn ) ) 

+ 

Gwllw Gw ( Smp - ?fn ) + 21hKmKyw3ln + Gwire - ' mf ) ; 
I'mf 

The present disclosure will be further described in detail 
with reference to the accompanying drawings and embodi 
ments . It is understood that the specific embodiments 
described herein are only for the purpose of explaining the 
relevant contents , not for the limitation of the present 

60 disclosure . In addition , it should be noted that for the 
convenience of description , only parts related to the present 
disclosure are shown in the drawings . 

It should be noted that the embodiments and features in 
the present disclosure may be combined with each other 

65 without conflict . The present disclosure will be described in 
detail below with reference to the accompanying drawings 
and in combination with embodiments . 

wherein , q , is the desorption gas volume of the matrix , 
m / s ; 

qse is the gas well flow rate after coupling the three areas , 
m / s ; 

Pm is the rock skeleton density , kg / mº ; 
rw is the radius of the gas well , m ; 
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It should be noted that the step number in the present gas reservoir can be simplified into three seepage areas , 
disclosure is only for the convenience of the explanation of namely , strongly transformed area , weakly transformed area 
the specific embodiment , and is not used to limit the and matrix area . 
sequence of steps . Shale reservoir hydraulic fracturing transforming technol 
The methods provided by some embodiments of the 5 ogy makes that the cracks cross and run through with each 

present disclosure can be executed by related processors , other , and form a wide range of crack network around the 
and the following will be explained with the processor as the wellbore , thus urge gas to flow to the wellbore . This area is execution subject . Wherein , the executive subject can be defined as fracturing strongly transformed area . In the adjusted according to specific cases , such as server , elec strongly transformed area , the gas flows from the cracks to tronic equipment , computer , etc. the wellbore . In the weakly transformed gas flows The shale gas exploitation stage is divided into three from the crack network to the cracks , and in the matrix area , production stages : fracturing fluid reverse discharge stage , the gas flows from unfractured area to the crack network . high production stage and stable production stage . The As shown in FIG . 2 , it shows the three seepage areas inventor of the present disclosure found that the cumulative production of shale gas can be increased by adopting dif- 15 ( strongly transformed area , weakly transformed area and 
ferent production pressure differences for the three produc matrix area ) after multi - section three - cluster fracturing ( i.e. , 
tion stages . If using a more reasonable and accurate math three clusters of cracks in each fracturing section ) by the 
ematical model to simulate the cumulative gas production of horizontal well . It can also be seen in FIG . 2 that the 
shale gas under different combinations of production pres- overlapping part of the two matrix areas of adjacent frac 
sure differences and select the optimal combination of 20 turing sections can be used as interference area , and there is 
pressure differences , the maximum economic benefit can be also a horizontal wellbore area at the horizontal wellbore . 
achieved . The present disclosure ignores the influence of the interfer 

In the related technologies , the development method of ence area , thereby simplifying the calculation of the model 
tight gas reservoir is used for reference in the development without affecting the calculation accuracy . 
of shale gas to control the pressure difference , but the effect 25 S3 , establishing pressure difference - flow models of gas 
is not ideal , and the shale gas production decreases rapidly . phase and water phase of the strongly transformed area , 
Foreign shale gas development methods based on their local pressure difference - flow models of gas - phase and water 
engineering and experience are not suitable for shale gas phase of the weakly transformed area and pressure differ 
development in China . Based on this , in view of the defi- ence - flow models of gas - phase and water phase of the 
ciency of pressure difference control in the process of shale 30 matrix area respectively . 
gas development in China , some embodiments of the dis- S4 , coupling the pressure difference - flow models of gas 
closure provide a method and device for developing shale phase and water phase of the strongly transformed area , the 
gas by tapered gradient pressure drop with multi - stage pressure difference - flow models of gas - phase and water 
fractured horizontal well , so as to maximize the economic phase of the weakly transformed area and the pressure 
benefits of shale gas production . 35 difference - flow models of gas - phase and water phase of the 
As shown in FIG . 1 , some embodiments of the present matrix area , so as to establish a production equation of 

disclosure provide a method for developing shale gas by multi - stage fractured horizontal well . 
tapered gradient pressure drop with multi - stage fractured S5 , according to the production equation of multi - stage 
horizontal well . At least one multi - stage fractured horizontal fractured horizontal well , performing numerical simulation 
well is provided in shale gas reservoir . For any one multi- 40 with different combinations of production pressure differ 
stage fractured horizontal well of the at least one multi - stage ences in fracturing fluid reverse discharge stage , high pro 
fractured horizontal well , the method for developing shale duction stage and stable production stage of the multi - stage 
gas by tapered gradient pressure drop with multi - stage fractured horizontal well . 
fractured horizontal well includes steps S1 - S6 . S6 , drawing gas production curves under different com 

Si , acquiring fracturing crack form parameters of multi- 45 binations of production pressure differences , and selecting 
stage fractured horizontal well and reservoir characteristic the combination of production pressure differences with the 
parameters of nearby formation . greatest economic benefit as combination of production 

For example , the fracturing crack form parameters pressure differences of multi - stage fractured horizontal well . 
include : main crack length , crack opening , crack width , and As an example , for the shale gas reservoir with a pressure 
average distance between each series of cracks . 50 outside the matrix area ( boundary pressure ) of 40 MPa , in 

For example , reservoir characteristic parameters include : the process of numerical simulation , the preset bottom hole 
temperature under formation condition , gas layer thickness , flow pressure in the fracturing fluid reverse discharge stage 
rock skeleton density , matrix porosity , matrix permeability , is 20 MPa , then the production pressure difference in the 
average formation pressure , and pressure outside the matrix fracturing fluid reverse discharge stage is 20 MPa ; the preset 

55 bottom hole flow pressure in the high production stage is 15 
S2 , dividing the formation near the shale gas multi - stage MPa , then the production pressure difference in the high 

fractured horizontal well into strongly transformed area , production stage is 25 MPa ; and the preset bottom hole flow 
weakly transformed area and matrix area according to the pressure in the stable production stage is 10 MPa , then the 
fracturing crack form parameters and reservoir characteristic production pressure difference in the stable production stage 
parameters . 60 is 30 MPa . The production pressure differences 20 MPa , 25 

For example , according to the fracturing crack form MPa , 30 MPa are adopted respectively in the fracturing fluid 
parameters and reservoir characteristic parameters , actual reverse discharge stage , high production stage and stable 
crack form of the multi - stage fractured horizontal well can production stage of the multi - stage fractured horizontal well , 
be obtained . Considering the characteristics of the shale gas which is a combination of production pressure differences . 
reservoir comprehensively , and according to the seepage 65 In the same way , the production pressure differences 30 
theory and the nonlinear seepage effective production MPa , 20 MPa and 10 MPa are adopted respectively in the 
theory , the seepage field formed after fracturing of the shale fracturing fluid reverse discharge stage , high production 

area . 
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stage and stable production stage of the multi - stage fractured situation that the permeability and porosity of the reservoir 
horizontal well , which is another combination of production decrease sharply due to the rapid pressure drop near the well , 
pressure differences . which is not conducive to the subsequent shale gas produc 

By using different combinations of production pressure tion . 
differences in the process of numerical simulation , the As an example , for the shale gas reservoir with a pressure 
production curves under different combinations of produc- outside the matrix area ( boundary pressure ) of 30 MPa , in 
tion pressure differences can be obtained . The gas produc the process of numerical simulation , the preset bottom hole tion curve is usually a cumulative gas production curve . flow pressure in the fracturing fluid reverse discharge stage Certainly , those skilled in the art can also draw the daily gas is 20 MPa , then the production pressure difference in the production curve , etc. as required , and the embodiments of 10 fracturing fluid reverse discharge stage is 10 MPa ; the preset the present disclosure do not limit this . bottom hole flow pressure in the high production stage is 10 Comparing the gas production curves responding to mul MPa , then the production pressure difference in the high tiple combinations of production pressure differences , and production stage is 20 MPa ; and the preset bottom hole flow considering the economic benefits and other factors , then the pressure in the stable production stage is 5 MPa , then the best combination of production pressure differences suitable 15 production pressure difference in the stable production stage for the multi - stage fractured horizontal well can be selected . is 25 MPa . The bottom hole flow pressures 20 MPa , 10 MPa , The method for developing shale gas by tapered gradient 5 MPa are adopted respectively in the fracturing fluid pressure drop with multi - stage fractured horizontal well reverse discharge stage , the high production stage and the provided by some embodiments of the present disclosure is : 
based on the relevant theory of seepage mechanics , and by 20 well , then the combination of production pressure differ stable production stage of multi - stage fractured horizontal 
establishing pressure difference - flow models of gas - phase ences is a combination of production pressure differences and water phase of the three seepage areas of the shale gas having gradually decreasing bottom hole flow pressure . horizontal well after fracturing , coupling these models to In some embodiments , the pressure difference - flow mod obtain the production equation of multi - stage fractured els of gas - phase and water phase of the strongly transformed horizontal well , drawing gas production curves under dif- 25 area are as follows . ferent combinations of production pressure differences used The model of gas - phase is : in different production stages through numerical simulation 
method , and then selecting the best combination of produc 
tion pressure differences with the best economic benefits and AK Kyg?hZcIsc Pi - par suitable for the multi - stage fractured horizontal well . By this 30 Psc T method , the contribution of multi - basin and multi - flow field 
can be expanded , and the production decline in shale gas 
production process can be reduced or restrained . After Psc Tuž R1 exploiting shale gas by using the method for developing AK fn Krgi hZsc Isc w 
shale gas by tapered gradient pressure drop with multi - stage 35 
fractured horizontal well provided by some embodiments of X ; wAcos yi K fn = Km , 
the present disclosure , the formation pressure drop curve is 12X ( W ; + X ) W ; + X 

obviously slowed down , the production decline is slowed 
down and the recovery ratio of shale gas can be greatly amb , 
improved . 

Through the pressure difference - flow models of gas - phase 
and water phase of the three seepage areas established in the 
method , it is more convenient to explore the flow charac- The model of water phase is : 
teristics of fluid in shale gas reservoir area . The production 
equation of multi - stage fractured horizontal well obtained by 45 
coupling these models is more suitable for the actual pro ???? f 4.405 x 10-5 Pwxf duction demand and has higher accuracy , which can provide Pfn - Pwf qw 

( KfK , wl ) 1.105 4w2h2 
more accurate theoretical guidance for the field research on 
the production capacity of multi - stage fractured horizontal 
wells in shale gas reservoir . On this basis , the design and 50 Wherein , 
adjustment of the later production scheme can meet the qsci is flow rate of the gas well of the strongly transformed 
actual development needs and achieve the enhancement of area under standard condition , m3 / s ; 
the recovery ratio . Pfin is the pressure at the interface of the strongly trans 

In some embodiments , said performing numerical simu- formed area and the weakly transformed area , MPa ; 
lation with different combinations of production pressure 55 Pwf is bottom hole flow pressure , MPa ; 
differences in fracturing fluid reverse discharge stage , high Ky is the permeability of the crack network of the 
production stage and stable production stage of the multi- strongly transformed area , mD ; 
stage fractured horizontal well includes : performing numeri- Kngi is the relative permeability of gas - phase of the 
cal simulation with multiple combinations of production strongly transformed area , mD ; 
pressure differences having gradually decreasing bottom 60 K , is matrix permeability , mD ; 
hole flow pressure in fracturing fluid reverse discharge stage , h is the thickness of the gas layer , m ; 
high production stage and stable production stage of the Zse is the gas compression factor under standard condi 
multi - stage fractured horizontal well . tion , dimensionless ; 
By performing numerical simulation with multiple com- Z is the gas compression factor under average pressure 

binations of production pressure differences having gradu- 65 condition , dimensionless ; 
ally decreasing bottom hole flow pressure , the effect of stress Tse is the temperature under standard condition , K ; 
sensitivity can be significantly reduced , and it can avoid the T is the temperature under the formation condition , K ; 

In in 
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R , is the equivalent seepage resistance of the strongly -continued 
transformed area , MPa : s / mº ; 

Pse is the pressure constant under standard condition , Psc Tuzin namely , 0.1 MPa ; afn 
? is the gas viscosity under average pressure condition , 5 R22 2K fn Krg2hZsc Tsc 

mPa.s ; 
?w is the radius of the gas well , m ; ampbmf Sw + Sg 
ryn is the equivalent supply radius , m ; 
am is the major axis of the fracturing ellipse of the strongly 

transformed area ( see FIG . 3 ) , m ; The model of water phase is : 
bfin is the minor axis of the fracturing ellipse of the 

strongly transformed area ( see FIG . 3 ) , m ; 
X is the average distance between each series of cracks , Pmf - Pfn + Gw ( $ mf - Šfi ) . 8x8hKmf Krw2 ( arctan ( Smf ) - arctan ( $ fn ) ) 

m ; 
W is the crack opening , m ; Wherein , y is the angle formed by the pressure gradient direction 

and respective crack direction ; 2sc2 is flow rate of the gas well of the weakly transformed 
area under standard condition , mº / s ; Sw is the water phase saturation , dimensionless ; is the pressure at the interface of the strongly trans 

S , is the gas - phase saturation , dimensionless ; 20 formed area and the weakly transformed area , MPa ; 
Uw is the viscosity of water , mPa.s ; Pmf is the pressure at the interface of the weakly trans 
Xç is the main crack length , m ; formed area and the matrix area , MPa ; 
Kmwl is the relative permeability of water of the strongly Km is the permeability of the matrix area , m² ; 

transformed area , dimensionless ; rmf is the equivalent supply radius of the weakly trans 
w is the crack width , m ; formed area , m ; 
Pw is the density of water , kg / mº ; and r is the effective utilization radius , m ; 
qw is the water flow of the strongly transformed area under K , is the relative permeability of gas - phase of the 

standard condition , m3 / s ; weakly transformed area , dimensionless ; 
wherein , the standard condition is the condition that the R21 is the additional resistance to consider spatial hetero 

pressure is 0.1 MPa ; and 30 geneity in the weakly transformed area , MPa.s / mº ; 
a certain physical quantity under the average pressure R22 is the inherent resistance of the weakly transformed 

condition is the average value of the physical quantity under area , MPa.s / m ?; 
different pressures within the range of bottom hole pressure amfis the major axis of the fracturing ellipse of the weakly 
variation . transformed area ( see FIG . 3 ) , m ; 

In some embodiments , the pressure difference - flow mod- 35 bmp is the minor axis of the fracturing ellipse of the weakly 
els of gas - phase and water phase of the weakly transformed transformed area ( see Figure » ) , m ; 
area are as follows . Gw is the starting pressure gradient , namely , the pressure 

According to the spatial heterogeneity of the fractured gradient at which shale gas starts to flow , MPa / m ; 
weakly transformed area , the permeability of the fractured Kw2 is the relative permeability of water of the weakly 
weakly transformed area is corrected as follows : transformed area , dimensionless ; 

Emp is the value corresponding to rmp in elliptical coordi 
nate system , m ; and 

Kfn – Km K fn - Km Efn is the value corresponding to rfi in elliptical coordinate 
Ifn - I'mf l fin - I'mf system , m . 

In some embodiments , the pressure difference - flow mod 
els of gas - phase and water phase of the matrix area are as 

The model of gas - phase is : follows . 
The model of gas - phase is : 

25 

rg2 

40 

Kmf = -r + Kfin + ( Km – Km - K :) 
45 

( K 50 - K ... ) Ky82 nZoe Isc ( pmp – Pžn ! 277 50 
Imf 

Isc2 = + 2 

+ 2rimi + de = amf in afn + mf ) Psc T?Z 1-1 an 
Isc3 = 

55 

? 27K Kg2hZcIso ( Pr - PM ) 
( 2rpf + 40 p + afin 

Psc Tužin 

4nK , Kg3hZsc Isc 
2r2 +44 +04 

Psc Tužin az 

3??? ( Pe - Pm ) 16KmKrg3 -- Pors ) 
2012 ( 

60 
2r2 + ( 44+ at 

20 m + ?Art + at Psc Tužin 
Psc Tuz 1-1 R3 47 KmKrg3hZsc Tsc 

R21 II 

( K fn - Km ) Krg2 2? -hZscTsc Imf 
65 Sw + Sg = 1 . 
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The model of water phase is : 
Pe - Pwf 

Mwxf 
KfnKywl2wh 9w + 

Gwllw 
Pe - Pmf = 

2nhKm Krw3 In 
+ Gwlre - I'mf ) . re Gwllw 

5 
4.405 x 10-5 Pwxf Twi ( K fKywl ) 1.105 4w ? h2 4w 8x phKmf Krw2 ( arctan ( Smf ) – arctan ( 5 m ) ) + I'mf 

Gwllw Gw ( $ mp – Sfin ) + 
2nhKm Krw3 In 

+ Gwire - I'mf ) . 
I'mf 

10 

rg3 

15 

Wherein , qa is the desorption gas volume of matrix , m® / s ; 
qse is the gas well flow rate after coupling the three areas , 

m / s ; 
Pm is the rock skeleton density , kg / mº ; 
r „ is the radius of the gas well , m ; 
Vm is Langmuir isothermal adsorption constant , cm / g ; 
om is matrix porosity ; 
Pz is Langmuir pressure constant , MPa ; and 
p is average pressure of the formation , MPa . 
It should be noted that the method for developing shale 

gas by tapered gradient pressure drop with multi - stage 
fractured horizontal well provided by some embodiments of 
the present disclosure is applicable to both multi - stage 
fractured horizontal well and single - stage fractured horizon 
tal well . 

20 

12 

Wherein , 
sc3 is flow rate of the gas well of the matrix area under 

standard condition , m3 / s ; 
Pe is the pressure outside the matrix area , Mpa ; 
a , is the major axis of the matrix ellipse seepage area , m ; 
K K is the relative permeability of gas - phase of the matrix 

area , dimensionless ; 
re is the exploiting radius of the gas well , m ; 
D is the diffusion coefficient , cm² / s ; 
a represents the correction coefficient related to the 

Knudsen number K , and a = 0 ( 05K , < 0.001 ) , a = 1.2 
( 0.001sK , < 0.1 ) , a = 1.34 ( 0.15K , < 10 ) ; and 
Kw3 is the relative permeability of water of the matrix 

area , dimensionless . 
In some embodiments , said coupling the pressure differ 

ence - flow models of gas - phase and water phase of the 
strongly transformed area , the pressure difference - flow mod- 25 
els of gas - phase and water phase of the weakly transformed 
area and the pressure difference - flow models of gas - phase 
and water phase of the matrix area , so as to establish a 
production equation of multi - stage fractured horizontal well 
includes : coupling the pressure difference - flow models of 30 
gas - phase and water phase of the strongly transformed area , 
the pressure difference - flow models of gas - phase and water 
phase of the weakly transformed area and the pressure 
difference - flow models of gas - phase and water phase of the 
matrix area by equal seepage resistance method , and estab 
lishing the production equation of multi - stage fractured 
horizontal well based on the diffusion and desorption of the 
shale gas reservoir . 
By using the equal seepage resistance method , that is , 

according to the water and electricity similitude principle , 
describing the seepage field with circuit diagram , and then 
solving the models according to the circuit law , the produc 
tivity prediction model of multi - stage fractured horizontal 
well can be established , and in which the multiple cluster 
cracks of the horizontal well are produced simultaneously 
and interfered each other . 

In some embodiments , the production equation of multi 
stage fractured horizontal well is as follows . 
The model of gas - phase is 

Kfm 
wcos y 
12X ( W ; + X ) 

+ 
X ; 

Wi + X Kmi 
i = 1 

Km 
K fin – Km 
Pfn - I'mf 

r + K for + ( Ky Kfn - Km 
rfin " fn - I'mf 

35 

40 

In the above formula of crack network permeability of 
strongly transformed area and formula of permeability of 
weakly transformed area , when n = 1 , it represents single 
stage fracturing , and when n > 1 , it represents multi - stage 
fracturing . But generally , n is greater than 1 , which is 
determined by the special reservoir condition of shale res 
ervoir and the comprehensive income of drilling and devel 
opment . Wherein , X is the average cluster distance between 
each fracture section . The above formulas reflect the influ 
ence of multi - stage fracturing and inter cluster interference 
on permeability . 

Taking a multi - stage fractured horizontal well in a gas 
field in the south of Sichuan Basin as an example , the 
method for developing shale gas by tapered gradient pres 
sure drop with multi - stage fractured horizontal well pro 
vided by some embodiments of the present disclosure is 
introduced . 
The basic parameters related to the multi - stage fractured 

horizontal well are shown in Table 1 . 

45 

50 

2R39d 
Isc = 

ph - Phat 
R1 + R2 + 2R3 

+ 
2A ( pe - Pmf ) 
R1 + R2 + 2R3 

+ 
R1 + R2 + 2R3 ' 

55 

Pmf 
-A ( R1 + R2 ) + V A2 ( R1 + R2 ) 2 + B ( R1 + R2 + 2R3 ) 

R1 + R2 + 2R3 
TABLE 1 

Basic parameters Value 
R2 = R21 R22 

R21 + R22 
3???D A = 60 

thickness of gas layer h 
bottom hole flow pressure Pwf 
pressure outside the matrix area pe 
diffusion coefficient D 16Km 

+ B = ( R1 + R2 ) p & + 2A ( R1 + R2 ) pe + 2R3 P?f + 2R39d ( R1 + R2 ) , 

= n ( r ? – rhon ( V. - ( r ? - røm 

30 m 
5 MPa 

30 MPa 
8.4067 x 
10-7 cmºls 

0.1 m 
400 m 
200 m 
80 m 

0.005 m 

P 
9d = 72 

Pe - Vm 
Pet Pe PL + p 

radius of the gas well rw 
exploiting radius of the gas well re 
radius of the crack network in 
main crack length xg 
crack opening W 

65 

The model of water phase is 



Value 

1000 um 
cracks X 5 

0.0005 mD 
500 mD 

293 K. 

pressure constant under standard 0.1 MPa 10 
condition psc 

1 

0.9 
0.027 mPa.s 

2.5 MPa 
366.15 K. 

15 

m 
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TABLE 1 - continued general purpose processor can be a microprocessor or the 
processor can also be any conventional processor , etc. 

Basic parameters The memory stores computer program instructions suit 
average distance of each series of able for being executed by the processor , and the computer 

program instructions are executed by the processor to permeability of matrix Kn execute one or more steps in the method for developing permeability of crack network of 
the strongly transformed area Km shale gas by tapered gradient pressure drop with multi - stage 
temperature under standard fractured horizontal well described in any of the above 
condition Tsc embodiments . 

The memory can be Read - Only Memory ( ROM ) or other 
gas compression factor under types of static storage apparatus that can store static infor 
standard condition Zse mation and instructions , Random Access Memory ( RAM ) or compression factor Z 
viscosity u other types of dynamic storage apparatus that can store 
Langmuir pressure Pl information and instructions , or Electrically Erasable Pro 
formation temperature T grammable Read - Only Memory ( EEPROM ) , Compact Disc Langmuir adsorption constant V , 3.74 mg Read Only Memory ( CD - ROM ) or other optical disk stor 

age , optical disc storage ( including compressed optical disc , 
According to the above parameters , numerical simulation laser optical disc , optical disc , digital universal optical disc , 

of the pressure difference - flow models of gas - phase and 20 Blue ray disc , etc. ) , disk storage medium or other magnetic 
water phase of the strongly transformed area , the pressure storage device , or any other medium that can be used to 
difference - flow models of gas - phase and water phase of the carry or store the desired program code in the form of 
weakly transformed area and the pressure difference - flow instruction or data structure and can be accessed by com 
models of gas - phase and water phase of the matrix area , and puter , but not limited to these . The memory can exist 
the production equation of multi - stage fractured horizontal 25 independently and be connected with processor through 
well are performed . communication bus . The memory can also be integrated 

In the fracturing fluid reverse discharge stage , the high with the processor . 
production stage and the stable production stage of the In the description of this specification , the description of 
multi - stage fractured horizontal well , numerical simulation the terms " one embodiment / mode ” , “ some embodiments / 
with multiple combinations of production pressure differ modes ” , “ examples ” , “ specific examples ” , or “ some 
ences having gradually decreasing bottom hole flow pres- examples ” means that the specific features , structures , mate 
sure is performed . Gas production curves under different rials , or characteristics described in connection with the 
combinations of production pressure differences are drawn , embodiment / mode or example are included in at least one 
and the combination of production pressure differences with embodiment / mode or example of the present application . In 
the greatest economic benefit is selected as combination of this specification , the schematic expression of the above 
production pressure differences of multi - stage fractured terms does not necessarily refer to the same embodiment / 
horizontal well . mode or example . Moreover , the specific features , struc 
FIG . 4 shows the productivity comparison between tures , materials , or characteristics described can be com 

tapered gradient pressure drop development and pressure 40 bined in any suitable manner in any one 
depletion development of 1200 days shale gas multi - stage embodiments / modes or examples . In addition , without con 
fractured horizontal well calculated according to the above tradicting each other , those skilled in the art may combine 
parameters and the production equation of multi - stage frac- different embodiments / modes or examples and features of 
tured horizontal well . It can be seen from the figure that , the different embodiments / modes or examples described in 
after exploiting shale gas by the method for developing shale 45 this specification . 
gas by tapered gradient pressure drop with multi - stage In addition , in the description of the present disclosure , 
fractured horizontal well provided by some embodiments of " multiple ” means at least two , such as two , three , etc. , unless 
the present disclosure , the production decline is slowed otherwise explicitly and specifically defined . “ And / or ” only 
down significantly , the gas production is significantly higher describes the association relationship of the associated 
than that of pressure depletion development , and the recov- 50 objects , and represents three kinds of relationships , for 
ery ratio of shale gas can be greatly improved . example , A and / or B , which are expressed as : A exists alone , 
Some embodiments of the present disclosure also provide A and B exist at the same time , and B exists alone . The terms 

a device for developing shale gas by tapered gradient “ up ” , “ down ” , “ left ” , “ right ” , “ inside ” and “ outside ” , etc. , 
pressure drop with multi - stage fractured horizontal well , indicate the orientation or position relationship based on the 
which includes a processor and a memory . 55 attached drawings , which is only for the convenience of 

The processor is configured to support the device for describing the invention and simplifying the description , 
developing shale gas by tapered gradient pressure drop with rather than indicating or implying that the device or element 
multi - stage fractured horizontal well to perform one or more referred to must have a specific orientation , or be con 
steps in the method for developing shale gas by tapered structed and operated in a specific orientation , and therefore 
gradient pressure drop with multi - stage fractured horizontal 60 cannot be understood as a restriction to the present disclo 
well described in any of the above embodiments . The sure . At the same time , in the description of the present 
processor can be a Central Processing Unit ( CPU ) , or other disclosure , the terms " connect ” and “ connection ” should be 
general purpose processor , Digital Signal Processor ( DSP ) , understood in a broad sense , for example , they can be fixed 
Application Specific Integrated Circuit ( ASIC ) , Field Pro- connection , detachable connection , or integrated connec 
grammable Gate Array ( FPGA ) , or other programmable 65 tion ; they can be mechanical connection or electrical con 
logic components , discrete gate or transistor logic compo- nection ; they can be direct connection or indirect connection 
nents , discrete hardware components , etc. Among them , the through intermediate media . For those of ordinary skill in 

35 

or more 
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the art , the specific meaning of the above terms in the present well according to claim 1 , characterized in that , the pressure 
disclosure can be understood according to specific circum- difference - flow models of gas - phase and water phase of the 
stances . strongly transformed area are as follows : 

Those skilled in the art should understand that the above- the model of gas - phase is : 
mentioned embodiments are only for clearly illustrating the 5 
present disclosure , rather than limiting the scope of the 
present disclosure . For those skilled in the art , other changes TK fn Krg1hZsc Tsc Pro 
or modifications can be made on the basis of the above 
disclosure , and these changes or modifications are still 
within the scope of the present disclosure . 

The invention claimed is : Psc T?ž R1 
1. A method for developing shale gas by tapered gradient aK fn Kyg? hZsc Tsc 

pressure drop with multi - stage fractured horizontal well , W cos y X ; characterized in that , at least one multi - stage fractured K fn = 12X ( W ; + X ) W ; + X horizontal well is provided in shale gas reservoir , and for any 15 
one multi - stage fractured horizontal well of the at least one 
multi - stage fractured horizontal well , the method for devel rfin = V amb fina , 
oping shale gas by tapered gradient pressure drop with = 1 ; 
multi - stage fractured horizontal well comprises : 

acquiring fracturing crack form parameters of the multi- 20 
stage fractured horizontal well and reservoir character- and the model of water phase is : 
istic parameters of nearby formation ; 

dividing the formation near the shale gas multi - stage 
fractured horizontal well into strongly transformed Hwxf 4.405 x 10-5 Pwxf 
area , weakly transformed area and matrix area accord- 25 P fn - Pwfi 92 : ( Kfn Knwl ) 1.105 4w2h2 
ing to the fracturing crack form parameters and the 
reservoir characteristic parameters ; 

establishing pressure difference - flow models of gas - phase wherein , 
and water phase of the strongly transformed area , Isci is a flow rate of gas well of the strongly transformed 
pressure difference - flow models of gas - phase and water 30 area under standard condition , m3 / s ; 
phase of the weakly transformed area and pressure Pfn is a pressure at an interface of the strongly transformed 
difference - flow models of gas - phase and water phase of area and the weakly transformed area , MPa ; 
the matrix area respectively ; Pwuf is bottom hole flow pressure , MPa ; 

coupling the pressure difference - flow models of gas- Kmn is a permeability of crack network of the strongly 
phase and water phase of the strongly transformed area , 35 transformed area , mD ; 
the pressure difference - flow models of gas - phase and Krgi is a relative permeability of gas - phase of the strongly 
water phase of the weakly transformed area and the transformed area , mD ; 
pressure difference - flow models of gas - phase and water Km is matrix permeability , mD ; 
phase of the matrix area , so as to establish a production h is a thickness of the gas layer , m ; 
equation of the multi - stage fractured horizontal well ; Zse is a gas compression factor under standard condition , 

according to the production equation of the multi - stage dimensionless ; 
fractured horizontal well , performing numerical simu- Z is a gas compression factor under average pressure 
lation with different combinations of production pres- condition , dimensionless ; 
sure differences in fracturing fluid reverse discharge Tse is a temperature under standard condition , K ; 
stage , high production stage and stable production 45 T is a temperature under the formation condition , K ; 
stage of the multi - stage fractured horizontal well ; and R1 is an equivalent seepage resistance of the strongly 

drawing gas production curves under different combina- transformed area , MPa.s / mº ; 
tions of production pressure differences , and according Pse is a pressure constant under standard condition , 
to the gas production curves , selecting a combination of namely , 0.1 MPa ; 
production pressure differences as combination of pro- 50 ? is a gas viscosity under average pressure condition , 
duction pressure differences of the multi - stage frac mPa · s ; 
tured horizontal well . is a radius of the gas well , m ; 

2. The method for developing shale gas by tapered rfn is an equivalent supply radius , m ; 
gradient pressure drop with multi - stage fractured horizontal is a major axis of a fracturing ellipse of the strongly 
well according to claim 1 , characterized in that , said per- 55 transformed area , m ; 
forming numerical simulation with different combinations is a minor axis of the fracturing ellipse of the strongly 
of production pressure differences in fracturing fluid reverse transformed area , m ; 
discharge stage , high production stage and stable production X is an average distance between each series of cracks , m ; 
stage of the multi - stage fractured horizontal well comprises : W is crack opening , m ; 

performing numerical simulation with multiple combina- 60 y is an angle formed by the pressure gradient direction and 
tions of production pressure differences having gradu- respective crack direction ; 
ally decreasing bottom hole flow pressure in the frac- Sw is water phase saturation , dimensionless ; 
turing fluid reverse discharge stage , the high production S , is gas - phase saturation , dimensionless ; 
stage and the stable production stage of the multi - stage Uw is the viscosity of water , mPa.s ; 
fractured horizontal well . Xç is main crack length , m ; 

3. The method for developing shale gas by tapered Krwi is a relative permeability of water of the strongly 
gradient pressure drop with multi - stage fractured horizontal transformed area , dimensionless ; 
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w is crack width , m ; K is a permeability of the matrix area , m² ; 
Pw is density of water , kg / mº ; and Imf is an equivalent supply radius of the weakly trans 
qw is a water flow of the strongly transformed area under formed area , m ; 

standard condition , m ? / s ; r is an effective utilization radius , m ; 
wherein , the standard condition is a condition that the 5 K , r92 is a relative permeability of gas - phase of the weakly 

pressure is 0.1 MPa ; and transformed area , dimensionless ; 
a certain physical quantity under the average pressure R21 is an additional resistance to consider spatial hetero 

condition is an average value of the physical quantity geneity in the weakly transformed area , MPa.s / mº ; 
under different pressures within the range of bottom R22 is an inherent resistance of the weakly transformed 
hole pressure variation . area , MPa.s / m² ; 4. The method for developing shale gas by tapered is a major axis of a fracturing ellipse of the weakly gradient pressure drop with multi - stage fractured horizontal transformed area , m ; well according to claim characterized in at , the pressure bmp is a minor axis of the fracturing ellipse of the weakly difference - flow models of gas - phase and water phase of the transformed area , m ; weakly transformed area are as follows : Gw is a starting pressure gradient , namely , the pressure according to spatial heterogeneity of the fractured weakly gradient at which shale gas starts to flow , MPa / m ; transformed area , the permeability of the fractured 
weakly transformed area is corrected : Kw2 is a relative permeability of water of the weakly 

transformed area , dimensionless ; 
Smris an value corresponding to rmrin elliptical coordinate 

K fon - Km system , m ; and 
-r + K ( K .; – Km 5 Km mm ) rfn - I'mf Ifn - I'mf Sm is an value corresponding to rm in elliptical coordinate 

system , m . 
5. The method for developing shale gas by tapered the model of gas - phase is : 25 gradient pressure drop with multi - stage fractured horizontal 

well according to claim 4 , characterized in that , the pressure 
difference - flow models of gas - phase and water phase of the ( K fin – Km ) Krg2 2? 2nZgc Tgc ( pm - port matrix area are as follows : 

I'mf the model of gas - phase is : 
2rimp + 4r4f + a , / afin 

15 

20 

Kmf = 

Isc2 = + 

30 
in 

1 
de = amf Vi - 01 2nKK 2hZxcise ( pr 

35 
2rf + ( Arint tan Isc3 = 

PscT?Zin 2 pe - Pimt 47KmKyg3hZsc Tsc 
2r ? + V44 + Psc T?Zin ad 

* P - por + 3???D 
( Pe - Pmf 16Km Krg3 - Pop ) 

2 mp + mf + afin 40 Psc T?z af fr 
R21 2r ? + 

( Kfn – Km ) Krg2 2? E HZ.Tsc Psc T?žin 
44 + at 
az 

I'mf R3 47 KmKyg3hZsc Tsc 
45 

4r4f + afin Sw + Sg = 1 ; 2rmo + Psc T?Zin an 
27 K fn Krg2hZscTsc R22 

and the model of water phase is : 
50 ' mp = Vampbmp 2 

Sw + Sg 1 ; Gwllw 
Pe - Pmf = + Gwire - I'mf ) ; 27hKmKyw3In 

I'm 
and the model of water phase is : 55 

Pmf - Pfin 
gwllw 

8xfhKmf Kyw2 ( arctan ( Smf ) - arctan ( $ fn ) ) + Gw ( Smf - $ in ) ; 

60 

wherein , 
Isc3 is a flow rate of gas well of the matrix area under 

standard condition , m / s ; 
Pe is a pressure outside the matrix area , Mpa ; 
ae is a major axis of a matrix ellipse seepage area , m ; 
K , is a relative permeability of gas - phase of the matrix 

area , dimensionless ; 
re is an exploiting radius of the gas well , m ; 
D is a diffusion coefficient , cm- / s ; 
a represents a correction coefficient related to Knudsen 
number K , and a = 0 ( OsK , < 0.001 ) , a = 1.2 
( 0.0015K , < 0.1 ) , a = 1.34 ( 0.15K , < 10 ) ; and 

wherein , 
2sc2 is a flow rate of gas well of the weakly transformed 

area under standard condition , m3 / s ; 
Pfn is a pressure at the interface of the strongly trans 

formed area and the weakly transformed area , MPa ; 
Pmfis a pressure at the interface of the weakly transformed 

area and the matrix area , MPa ; 

rg3 
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Kyw is a relative permeability of water of the matrix area , well according to claim 1 , characterized in that , the fractur 
dimensionless . ing crack form parameters comprise : main crack length , 

6. The method for developing shale gas by tapered crack opening , crack width , and average distance between 
gradient pressure drop with multi - stage fractured horizontal each series of cracks . 
well according to claim 5 , characterized in that , said cou 9. The method for developing shale gas by tapered 
pling the pressure difference - flow models of gas - phase and gradient pressure drop with multi - stage fractured horizontal 
water phase of the strongly transformed area , the pressure well according to claim 1 , characterized in that , the reservoir 
difference - flow models of gas - phase and water phase of the characteristic parameters comprise : temperature under for 
weakly transformed area and the pressure difference - flow mation condition , gas layer thickness , rock skeleton density , 

10 matrix porosity , matrix permeability , average formation models of gas - phase and water phase of the matrix area , so 
as to establish a production equation of the multi - stage pressure , and pressure outside the matrix area . 

10. The method for developing shale gas by tapered fractured horizontal well comprises : 
coupling the pressure difference - flow models of gas gradient pressure drop with multi - stage fractured horizontal 
phase and water phase of the strongly transformed area , 15 ing to the gas production curves , selecting a combination of 

well according to claim 1 , characterized in that , said accord 
the pressure difference - flow models of gas - phase and production pressure differences as combination of produc water phase of the weakly transformed area and the 
pressure difference - flow models of gas - phase and water tion pressure differences of the multi - stage fractured hori 

zontal well comprises : phase of the matrix area by equal seepage resistance 
method , and establishing the production equation of the according to the gas production curves , selecting a com 

bination of production pressure differences correspond multi - stage fractured horizontal well based on diffusion 
and desorption of the shale gas reservoir . ing to a gas production curve with maximum cumula 

7. The method for developing shale gas by tapered tive gas production as the combination of production 
pressure differences of the multi - stage fractured hori gradient pressure drop with multi - stage fractured horizontal zontal well . well according to claim 6 , characterized in that , the produc 11. A device for developing shale gas by tapered gradient tion equation of the multi - stage fractured horizontal well is 

as follows : pressure drop with multi - stage fractured horizontal well , 
characterized in that , the device comprises : a processor and the model of gas - phase is a memory ; the memory stores computer program instruc 
tions suitable for being executed by the processor , and the 

30 computer program instructions are executed by the proces ph - PW 2A ( pe - Pmf ) sor to : 
R1 + R2 + 2R 3 R1 + R2 + 2R3 R1 + R2 + 2R3 acquire fracturing crack form parameters of the multi 
-A ( R1 + R2 ) + V A2 ( R1 + R2 ) 2 + B ( R1 + R2 + 2R3 ) stage fractured horizontal well and reservoir character 

Pmf istic parameters of nearby formation ; R1 + R2 + 2R3 divide the formation near the shale gas multi - stage frac 
R21 R22 R2 tured horizontal well into strongly transformed area , 

R21 + R22 weakly transformed area and matrix area according to 
3???D the fracturing crack form parameters and the reservoir 
16Km characteristic parameters ; 

B = ( R1 + R2 ) p & + 2A ( R1 + R2 ) pe + 2R3 Pop + 2R39d ( R1 + R2 ) , establish pressure difference - flow models of gas - phase 
and water phase of the strongly transformed area , 

? 9d = ( Zhem Vm · Vm - 7 ( r ? - rm ) 4 m ; pressure difference - flow models of gas - phase and water 
PL + Pe phase of the weakly transformed area and pressure 

difference - flow models of gas - phase and water phase of 
and the model of water phase is the matrix area respectively ; 

couple the pressure difference - flow models of gas - phase 
and water phase of the strongly transformed area , the 

Mwxf 4.405 x 10-5 Pwxf pressure difference - flow models of gas - phase and water 
Pe - Pwf = Kfn Knwl2wh ( Kfn Kywl ) 1.105 4w2h2 phase of the weakly transformed area and the pressure 

difference - flow models of gas - phase and water phase of Gwllw the matrix area , so as to establish a production equation 8x8hKmf Krw2 ( arctan ( Smf ) - arctan ( $ fn ) ) of the multi - stage fractured horizontal well ; 
Gw ( Smf - $ fn ) + + Gwire - ' mf ) ; according to the production equation of the multi - stage 

21hKmKw3ln fractured horizontal well , perform numerical simula 
tion with different combinations of production pressure 
differences in fracturing fluid reverse discharge stage , 

wherein , q , is a desorption gas volume of matrix , m® / s ; high production stage and stable production stage of the 
qse is a gas well flow rate after coupling the three areas , multi - stage fractured horizontal well ; and 

m / s ; draw gas production curves under different combinations 
Pm is rock skeleton density , kg / mº ; of production pressure differences , and according to the 
rwis an radius of the gas well , m ; gas production curves , select a combination of produc 
Vm is Langmuir isothermal adsorption constant , cm / g ; tion pressure differences as combination of production 
om is matrix porosity ; pressure differences of the multi - stage fractured hori 
Pz is Langmuir pressure constant , MPa ; and zontal well . 
p is an average pressure of the formation , MPa . 12. The device for developing shale gas by tapered 
8. The method for developing shale gas by tapered gradient pressure drop with multi - stage fractured horizontal 

gradient pressure drop with multi - stage fractured horizontal well according to claim 11 , characterized in that , said 

35 

= 

A = 

40 

Pe 
- 

PL + P 

45 

9w + 59.9+ 
50 

+ 

qwllw 

I'mf 55 

60 
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perform numerical simulation with different combinations bmw is a minor axis of the fracturing ellipse of the strongly 
of production pressure differences in fracturing fluid reverse transformed area , m ; 
discharge stage , high production stage and stable production X is an average distance between each series of cracks , m ; 
stage of the multi - stage fractured horizontal well comprises : W is crack opening , m ; 

perform numerical simulation with multiple combinations 5 y is an angle formed by the pressure gradient direction and 
of production pressure differences having gradually respective crack direction ; 
decreasing bottom hole flow pressure in the fracturing Sw is water phase saturation , dimensionless ; 
fluid reverse discharge stage , the high production stage S , is gas - phase saturation , dimensionless ; 
and the stable production stage of the multi - stage Uw is the viscosity of water , mPa.s ; 
fractured horizontal well . X , is main crack length , m ; 

13. The device for developing shale gas by tapered Krwi is a relative permeability of water of the strongly 
gradient pressure drop with multi - stage fractured horizontal transformed area , dimensionless ; 
well according to claim 11 , characterized in that , the pres- w is crack width , m ; 
sure difference - flow models of gas - phase and water phase of Pw is density of water , kg / m ° ; and 
the strongly transformed area are as follows : qw is a water flow of the strongly transformed area under 

the model of gas - phase is : standard condition , m / s ; 
wherein , the standard condition is a condition that the 

pressure is 0.1 MPa ; and 
K fn Krgi hZscTsc p n - Pws a certain physical quantity under the average pressure 

Pfn condition is an average value of the physical quantity 
under different pressures within the range of bottom 
hole pressure variation . Psc Tuz R1 = 14. The device for developing shale gas by tapered AK fin Krg1 I hZsc Tsc gradient pressure drop with multi - stage fractured horizontal 

W cosi X ; well according to claim 13 , characterized in that , the pres 
12X ( W ; + X ) W ; + X sure difference - flow models of gas - phase and water phase of 

the weakly transformed area are as follows : 
I fn = Vagnbin according to spatial heterogeneity of the fractured weakly 

Sw + Sg = 1 ; transformed area , the permeability of the fractured 
weakly transformed area is corrected : 

15 

20 
Ascl = Psci In 

w 
25 

? . -? " . + ? . , X Km i = 1 

30 

and the model of water phase is : 
Kmf = Kfn - Km r + rfin - I'mf + ( KM Kfn - Km 

Ifn - I'mf 35 
Mwxf Pwxf 

Pfn - Pwf KK2wh qw + 
4.405 x 10-5 
( Kfn Kmx1 21.105 4w2h2 quis wl the model of gas - phase is : 

40 ( Kft - Km ) K192 Zac Toc ( Page - PM ) 2? . 
Imf 

Asc2 + 

2pmp + | 4rm + an PscTüz 1-1 -1 / 
45 

27K in Krg2hZscIselp her pa 
2rp + 4 

Psc Tužin 47.4f + afin az ( * va 
50 

wherein , 
Isel is a flow rate of gas well of the strongly transformed 

area under standard condition , m3 / s ; 
Pfn is a pressure at an interface of the strongly transformed 

area and the weakly transformed area , MPa ; 
Pwf is bottom hole flow pressure , MPa ; 
Kj is a permeability of crack network of the strongly 
transformed area , mD ; 

Kgi a relative permeability of gas - phase of the strongly 
transformed area , mD ; 

Knis matrix permeability , mD ; 
h is a thickness of the gas layer , m ; 
Zse is a gas compression factor under standard condition , 

dimensionless ; 
Z is a gas compression factor under average pressure 

condition , dimensionless ; 
Tse is a temperature under standard condition , K ; 
T is a temperature under the formation condition , K ; 
R , is an equivalent seepage resistance of the strongly 

transformed area , MPa.s / mº ; 
Pse is a pressure constant under standard condition , 60 

namely , 0.1 MPa ; 
? is a gas viscosity under average pressure condition , 

mPa.s ; 
r „ is a radius of the gas well , m ; 
rm is an equivalent supply radius , m ; 
am is a major axis of a fracturing ellipse of the strongly 

transformed area , m ; 

20 mp + V 4mmp + afin Psc Tüz 1-1 od 1-1 / V 
R21 = 55 ( K fn - Km ) Krg2 27 -hZscTsc 

29 mp + 40 mp + air 
Psc Tužin 

R22 21K fn Krg2hZscIsc 

I'mf = V ampbmf , 
Sw + Sg 1 ; 

65 
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Isc3 is a flow rate of gas well of the matrix area under 
9wflw standard condition , m ? / s ; Pmf - Pfn = + Gw ( Smf - Sin ) ; 8xfhKmf Kyw2 ( arctan ( Em? ) - arctan ( $ fn ) ) Pe is a pressure outside the matrix area , Mpa ; 

a is a major axis of a matrix ellipse seepage area , m ; 
wherein , K , 3 is a relative permeability of gas - phase of the matrix 
2sc2 is a flow rate of gas well of the weakly transformed area , dimensionless ; 

re is an exploiting radius of the gas well , m ; area under standard condition , m3 / s ; D is a diffusion coefficient , cm² / s ; Pfn is a pressure at the interface of the strongly trans a represents a correction coefficient related to Knudsen formed area and the weakly transformed area , MPa ; number K , and a = 0 ( OsK , < 0.001 ) , a = 1.2 Pmris a pressure at an interface of the weakly transformed ( 0.001sK , < 0.1 ) , a = 1.34 ( 0.15K , < 10 ) ; and 
area and the matrix area , MPa ; Kw3 is a relative permeability of water of the matrix area , Km is a permeability of the matrix area , m² ; dimensionless . 

Imf is an equivalent supply radius of the weakly trans- 16. The device for developing shale gas by tapered 
formed area , m ; 15 gradient pressure drop with multi - stage fractured horizontal 

r is an effective utilization radius , m ; well according to claim 15 , characterized in that , said couple 
K , g2 is a relative permeability of gas - phase of the weakly the pressure difference - flow models of gas - phase and water 

transformed area , dimensionless ; phase of the strongly transformed area , the pressure differ 
R21 is an additional resistance to consider spatial hetero- ence - flow models of gas - phase and water phase of the 

geneity in the weakly transformed area , MPa.s / mº ; 20 weakly transformed area and the pressure difference - flow 
R22 is an inherent resistance of the weakly transformed models of gas - phase and water phase of the matrix area , so 

area , MPa.s / mº ; as to establish a production equation of the multi - stage 
amp is a major axis of a fracturing ellipse of the weakly fractured horizontal well comprises : 
transformed area , m ; couple the pressure difference - flow models of gas - phase 

bmf is a minor axis of the fracturing ellipse of the weakly 25 and water phase of the strongly transformed area , the 
transformed area , m ; pressure difference - flow models of gas - phase and water 

Gw is a starting pressure gradient , namely , the pressure phase of the weakly transformed area and the pressure 
gradient at which shale gas starts to flow , MPa / m ; difference - flow models of gas - phase and water phase of 

Kru2 is a relative permeability of water of the weakly the matrix area by equal seepage resistance method , 
transformed area , dimensionless ; and establish the production equation of the multi - stage 

Empis an value corresponding to rmfin elliptical coordinate fractured horizontal well based on diffusion and des 
system , m ; and orption of the shale gas reservoir . 

Sm is an value corresponding to rm in elliptical coordinate 17. The device for developing shale gas by tapered 
system , m . gradient pressure drop with multi - stage fractured horizontal 

15. The device for developing shale gas by tapered 35 well according to claim 16 , characterized in that , the pro 
gradient pressure drop with multi - stage fractured horizontal duction equation of the multi - stage fractured horizontal well 
well according to claim 14 , characterized in that , the pres- is as follows : 
sure difference - flow models of gas - phase and water phase of the model of gas - phase is 
the matrix area are as follows : 

the model of gas - phase is : 
p² - pw 2A ( pe - Pmf ) 

R1 + R2 + 2R3 R1 + R2 + 2 R3 R1 + R2 + 2R3 

30 

40 

2R39d 
Asc + + 

de = amf + ( 69 am Pmf 
-A ( R1 + R2 ) + V A2 ( R1 + R2 ) 2 + B ( R1 + R2 + 2R3 ) 

R1 + R2 + 2R3 45 

sc3 = R2 R21 R22 
R21 + R22 pe - Pint 

X + 
47KmKrg3hZscTsc 

2r ? + V 44 + are PscT?žin az 

3???D ( pe - Pmf ) 16Km Krg3 Ps ) 2 A = 
3???D 
16Km 

50 

B = ( R1 + R2 ) p2 + 2A ( R1 + R2 ) pe + 2R3 Pws + 2R391 ( R1 + R2 ) , 

qa = #Cr ? – JhPm { V1 Vm - 7 ( r ? - p . ) dmi ? Pe 
PL + Pe b.1927 228 + ?44 + at 

a ? 
PL + 

Psc Tužin 
R3 55 

4nKmK rg3 hZsc Tsc and the model of water phase is 
Sw + Sg = 1 ; 

Pwxf 2 Pe - Pwf = and the model of water phase is : qw + Mwxf 4.405 x 10-5 
Kfn Kwl2wh qw + ( Kfn Knul ) 1.105 4w2h2 60 

Gwllw 

8xfhKmf Kw2 ( arctan ( Imp ) – arctan ( $ fn ) ) 
+ 

Gwllw 
Pe - Pmf + Gwire - Pmf ) ; 

2ihKmKw3ln 
I'mf 

9wflw Gw ( Smf - $ fn ) + 
2nhKmKw3ln 

+ Gw ( re – Pmf ) ; 
65 imf 
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wherein , qa is a desorption gas volume of matrix , m ? / s ; voir characteristic parameters comprise : temperature under 
Ise is a gas well flow rate after coupling the three areas , formation condition , gas layer thickness , rock skeleton den 
m3 / s ; sity , matrix porosity , matrix permeability , average formation 

Pm is rock skeleton density , kg / mº ; pressure , and pressure outside the matrix area . 
rw is an radius of the gas well , m ; 20. The device for developing shale gas by tapered 
Vm is Langmuir isothermal adsorption constant , cm² / g ; gradient pressure drop with multi - stage fractured horizontal 
Om is matrix porosity ; well according to claim 11 , characterized in that , said 
Pz is Langmuir pressure constant , MPa ; and according to the gas production curves , select a combination 
p is an average pressure of the formation , MPa . of production pressure differences as combination of pro 
18. The device for developing shale gas by tapered 10 duction pressure differences of the multi - stage fractured 

horizontal well comprises : gradient pressure drop with multi - stage fractured horizontal 
well according to claim 11 , characterized in that , the frac according to the gas production curves , select a combi 
turing crack form parameters comprise : main crack length , nation of production pressure differences correspond 
crack opening , crack width , and average distance between ing to a gas production curve with maximum cumula 
each series of cracks . tive gas production as the combination of production 

19. The device for developing shale gas by tapered pressure differences of the multi - stage fractured hori 
zontal well . gradient pressure drop with multi - stage fractured horizontal 

well according to claim 11 , characterized in that , the reser 

15 


